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The Sensory - In teract ive Robotias Group o f the Nat ional Bureau o f
Standards i s producing PIPE (Pipelined Image Prooessing Engine),
an experimental, multl - 8tage, mult i - pipelined image prooesaiag
dev ice f o r researah i n low - level maohine Vision. The devioe oan
a c q u i r e Images f rom a v a r i e t y o f aouraes, auoh ab anal08 o r
d i g i t a l t e l e v i s i o n earneras, ranging. devioes, and eonformal
mapping arrays. It oan process sequences o f Images i n rea1 time,
th rough a s e r i e s o f l o c a l neighborhood and po in t operat ions,
under the c o n t r o l o f a host device. I t s output o m be presented
t o such d e v i c e s as monitors, r obo t v i 8 i O n bystems, i c o n i o t o
symbolic mapping devioes, and image proaessing computers (Figure
1.)

I n a d d i t i o n t o a forward f l o w o f images through successive rrtages
o f operat ions as i n a t r a d i t i o n a l pipeline, other path8 between
t h e s t a g e s o f t h e d e v i c e p e r m i t concu r ren t , i n t e r r o t i n g
p i p e l i n i n g o f image f l o w I n o t h e r d i r ec t i ons . I n p a r t i e u l a r ,
r e c u r s i v e o p e r a t i o n s r e t u r n i n g images i n t o each stage, and

# T h i s w o r k i s a p r o d u c t of U n i t e d S t a t e s Government personnel,
and i s no t sub jec t t o U.S. Copyright.
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foodbrok of tho r O r U l t r of o p o r r t i o n r from oroh r t r g o t o tho
proooding r t r g o r r o 8UppOrtOd l a th i r mrnnor, Thir r roh i tooturo
f r o i l i t r t r s 8 v r r i o t y o f ro l rx r t i on oporrtionr, i a to r ro t i on r o f
imago8 ovo r t imo, and o thor i n t o r o r t i n g i.uaotionr, #urnorour
o p o r r t i o n r r r o rupportodi w i tb in oroh r t r g 8 tho ro tnaludo

Between - stage opera t ion8 on oroh p i x e l inalud8 throrhold ing,
Boo lean and a r i t h m e t i o operr t lons, f u n o t i o a r l mappings, and a
v a r i e t y o f funotions f o r oombinlng p i x e l d8t8 oonvergfng v i e t h e
m u l t i p l e p ipe l ined image paths,

r r i t h m e t i o and BOOlO8a noighborhood opOr8tlOnr on ill8gO80

The device a l so implements r e v o r r l r l t 8 r n r t i v e prooessing modes,
Some operate within erah rtage, for example t o implement WIND a

opera t ions s p e o i f i o t o rog ioas of l n t e r8 r t d8fIn8d by tho h o r t
d e v i o e o r by prev ious operat ions on t h e image, Other8 o p e r r t e
between stages, f o r example t o 8upport v a r i r b l a r o 8 o l u t i o n
pyramids l

P I P E was designed 88 r pro - proaer80r f o r i o o n l o ( s p r t i a l l y
indexed) images, It i s intendod t o 8erve 8s 8 " front endr f o r t h e
v i s i on p o r t i o n of r multi -mod81 senrory proowsing system being

appropri8te, however, f o r ray 8 o r t o f ioonio Imago, 8uoh 8s those

processed images a r e in tended f o r 8 hos t maohine whieh will
Perform g loba l operations rnd/or image understanding procedures,
such as l a b e l i n g , on the resu l t , Thus, PIPE i t s e l f aocep ts
i c o n i o d a t a images, and t y p i o a l l y produoes i o o n i e imrges whose
p i x e l values are Boolean veotors desorlbing l O G 8 l p roper t ies o f

l e v e l l o o a l p rooess ing whioh mu8t be per formed ove r t h e e n t i r e
i m a g e r p r o a , P I P E i r o u r r e n t l y under a o n s t r u o t i o n , w i t h

developed f o r rea l - t imo robot g u i d 8 n ~8ppliOrtiOn8 8 t ISB& It i s

produced by t r O t i l O 88nsor 8 r r 8 y 8 O r rrna8 - imag8 by8t8PLs~ The

t h e p i x e l neighborhood, P I P E r O l i e V 8 8 t h e host o f o o s t l y l o w -

a



p r o t o t y p e s expso ted I n the frll o f 1984, A f t m r I p e r i o d of
e x p e r i m e n t a t i o n and ev r l ua t i on , PIPE will be r e f i n e d and,
u l t i m a t e l y , rcduoed t o a VLSI implementation,

We have a l s o designed an associated device, ISMAP, whloh will map
p r o c e s s e d i c o n i c i m a g e s i n t o 8 y m b o l f o ( p r o p e r t y - i n d e x e d )
structures. ISMAP desorlbes the prooessed images produoed by PIPE
by mapping the l o o n l c image o f BoOle8n veotors produoed by PIPE
i n t o histograms and other types o f ordered l i s t r truatures i n the
address space o f the host devloe, I n re81 time, A maJor funotion
o f I S M A P i s t o map PIPE's image 8ddre88e8 i n t o 8 spaoe ordered by
symbolic p i c t u r e fea ture desorlptorr. This 8ves the host d ~ i o e
t h e necess i ty o f Soannlng the' proaesred image t o f ind locat ions
of I t ems o f In terest .

PIPE' S design, discussed I n t h i s report , ti88 developed with
s e v e r a l p r i n o l p a l g081S i n mind. These werot 1) r m l - t i ~ e
processing o f images rt fIeld - r8te, 2) pror ia ion f o r in ter ro t ions

l between r e l a t e d images, 8uch as those rr ls ing from djrn8Ela image
sequences o r f rom atereosoopla vIew8, 3) provision of the r b l l l t y
t o apply d i f f e r e n t algor i thms t o d i f f e ren t regions o f the Image
i n r e a l t i m e , and 4 ) p r o v l s l o n f o r t h e 8 b f l l t y t o guide
processing by knowledge -based commands 8nd whypothesib Images m

supplied from the host.

PIPE a c t u a l l y oonsists o f three, conuurreat, lnterrot lng, Image-
f low pathways. These lnteroonneot a v r r i a b l e number o f idemt ior1
modular Image - prooessiag rtages. The t h r e e pathways r r e : t he
f o r w a r d pathway, whlah a c t s as a t r r d l t l o n a l p i p e l i n e d la rge -
processing path; the re t rogr rde prthwry, whloh aar r les images i n
t h e oppos i te d i r e c t i o n (i.e,, from t h e output o f a s tage t o t h e

i n p u t o f i t s predeaessor); and t h e r e o u r s i v e pathway, which
c a r r i e s an image f rom t h e ou tpu t o f a stage back I n t o t h e inpu t
o f t h e same stage.

E a c h s t a g e can p e r f o r m t w o s i m u l t a n e o u s and i n d e p e n d e n t
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a r i t h m e t i o o r Boo lean neighborhood operat ions. The forward,
r e c u r s i v e , and r e t r o g r a d e gathwryb, i n r n y oombination, may
accep t images f r o m t h e r e s u l t of e i t h e r o f these opera t ions . A t

t h e input t o each Stage, t h e images a 8 r r i e d by t h e t h r 8 e pathways
may be combined by any a r i t h m e t i a o r Boolean operat ion. Any
a r i t h m e t i c o r Boolean opera t ion may then be per fo rmed on t h e

r e s u l t i n g image, p r i o r t o I t s storage i n one o f two buffer8
within the stage.

Within each stage, the two neighborhood operrtors nay r a t on an
image i n e i t h e r o f t h e two buffers. Fo l low ing the neighborhood
operat ions, and p r i o r t o output from the r tage, the resu l t i ng
images may undergo 8 fu r ther tranSfOraM8tiOn by an r r b i t r r r y
func t ion o f one o r two arguments. If the funot ion i s of two
arguments, t h e reeond argument aap be drown from 8 v a r i e t y of
s o u r c e s w i t h i n t h e stage, i n e l u d i n g t h e oon ten ts o f th8

homologous p i x e l in -the buffer whioh d id not supply the imrg8 f o r
the neighborhood operations.

0

I n an a l t e r n a t i v e mode, one o f the two image buf fe r8 i n 8aah
stage may serve asImap f o r select ing the proaessing r l g o r i t h ~ s
being appl led t o the oontents o f the other buffer. I n th is mode,
PXPE func t i ons as an UIMD maohine, with one bu f fe r def in ing
r e g i o n s o f i n t e r e s t over which eaoh r e t o f a l go r i t hms s h a l l b8
appl ied, on a p ixe l - by - p ixe l basis, as the image i s procebsed. I n
t h e p r o t o t y p e version, s i x t e e n sueh r l t e r n e t i v e prooess ia(
a l g o r i t h m s may be rre leoted f o r d i f f e r e n t r8g ions o f t h e image
within a s ing le f l e l d time. However, th i s I s eas i l y inoreared (up
t o 256 processing algorithms) simply by rddlng add i t iona l r toragr
t o each stage t o hold the appropr i r te tables and parameters.

A t h i r d mode p e r m i t s P I P E t o func t ion as a m u l t i - r e s o l u t i o n
pyramid machine. I n t h i s mode, the images c a r r i e d by the fo rward
p a t h w a y a r e reduced i n s i z e by one h a l f a t each stage, w h i l e
s i z e s of t h e Images c a r r i e d by the ret rograde pathway are doubled
a t each stage. The images c a r r i e d by the recu rs i ve pathway remain



unohrng8d i n r8rolutlon. Any oombinrtion o f r t r g o r may oporr to i n
th i r modo, undrr progrrm oontrol.

I n any modo, tho o p o r r t i o n r of ovory r t r 8 8 aro, . o o r # l o t e l y
ind8pondont, and arn bo oomplo t8 ly rooonf i&urod $0 'the i n t e r -
f i o l d ti60by rn r r r o o i r t o d r t r g o oontro l unit, whioh &a turn mry
r e l o a t r t r g a oonfigurrtions from r r to rod rclquonocl, or on aoamand
f rom t h e host. All o p a r r t i o n s run l a r e a l t imo, IO t h a t imr688
pass between stages a t f i e l d r a t e (16 msea.).

'4b #$ '?

I n add i t ion t o the prthwrys montioned, PIPE oontriaS four " w i l d
oardm bus8es whiuh may be used t o tran8port imrgos from the hO&

o r f r o m r a y bu f f e r i n the mrohiao, i n t o any other bUf f8r i n t h o

whioh oommuniorto with tho ron801.r 8nd tho hort, or with r p o o i r l

input 8nd output from rny buffer i n the mrohino.

mauhine. It 8180 h88 two rpOOi8 l btlQ88, f o r input and Output,

8 U X i l i r r y d8viuO8. DMA ohrnnols al low vid.0 di8pl8y O r 8trOrming

PIPE i s an r t t e m p t t o seek 8 oospromise betwoan 8 f i xed funotioa,
hardware image proaossor and a f u l l y g e a o r r l purpose, p r r a l l a l
computer. Through i t s design, it f a o i f i t r t o s I r r r i o t y o f oommon
end i m p o r t a n t image - prooossiag teohniques, as w o l l 8s s e v e r a l
axpar imcata l 8pprO8ohOs. Within tho brord l imi ts o f the prooerses
it supports, it i s r n extremely f r a t and f l ex l b l 8 d8vioe. On th8
other hand, it i s no t 8 g o n o r r l purposo oomputor rnd it i s n o t
poss ib l e t o p rog r rm a r b i t r a r y r l g o r l t h m s on it,o r a t l e a s t n o t
i n an e f f l o i e n t manner. I n m o 8 t ease8 we h r v e found t h a t
processes whioh a r e w e l l s u i t e d t o P IPE may be subs t i t u ted f o r
o t h e r s which a r e not, w h i l e aocompl ish ing t h e same i m a g e -
p rocess ing goa l . P I P E i s in tended as a prooessor f o r l o c a l
operat ions on images; it i s not designed t o perform o f f i c i e n t l y
o p e r a t i o n s r e q u i r i n g g l o b a l knowledge of t h e image, It i s
intended t h a t PIPE operate i n oonjonction with a host which will
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p e r f o r m g l o b a l ierglge operat ions, r e l i e v e d o f t h e proecssing
burden o f l a r g e s o a l e r e p e t i t i v e l o o a l operations. (However,
ex tens lo r i s t o P I P E a r e under o o n 8 f d e r a t i o n t o per form common
g loba l funct ions such as reg ion P8beling.)

..i:..*

Other e x t e a s i o n s t o P IPE a r e a l so planned I n t o "%he i e i t i a l
design. The 3 x 3 neighborhood o p e r r t o r s i n e reh s t r g e O f P IPE
r e s i d e on a sepa ra te board from t h e r e s t o f t h e strge. T h i a $8

i n t e n d e d t o f a o i l i t a t e chrnges t o t h e s t r g e s aa f r 8 t e r
neighborhood o p e r a t o r ohlps beeone r v r i l r b l e t h a t aan hand18
l a r g e r ne ighborhoods i n t h e r e q u i r e d t i n e . With o u r r e a t
technology, a 5 x 5 neighborhood would be e a s i l y r t t r i n a b l e rt
s l i g h t l y g r e a t e r o o s t per 8tage. For our rpp l i o r t i on , iw whloh
t h e oamera i s mounted on l mob i le arm, the 256I256 imrge 8 i z e
i s a d e q u a t e , b u t t h i s i s n o t n e e e s s a r i l p t r u e l a a l l
a p p l i c a t i o n s . The re i s no fundament81 f e r t u r e o f PIPEe8 design,
however, which l i m i t s image size. A verrrlon o f PIPE whleh e r a
h a n d l e 512 x 512 imrga r I 8 r l r e r d y under dwign, r a d elCt8n8iOns
t o 2048 x 2048 a r e contemplrted. It i s a180 plrnned t o enhanee

a l ready being designed, will be inserted before the iaput r trae
t o perform conforna l mappings (Figure 1). This will,for errsplm,
a l l o w r o t a t i o n s i n t h e image plana.8nd range eh821888 ( l a r g e
s c a l i n g ) t o be conver ted t o image t rans la t ions . Th8 I r r g e
d i f f e r e n c i n g and motion -detection r b i l l t i e 8 o f PIPE will then
s i m p l i f y ana lys is o f the oh8ages.

t h e c a p a b i l i t i e s O f P IPE by rddtng pre-pro0e8bors. A p ? Q O ~ 8 8 O f ~

The proto type version o f PIPE mns is ts of 8 requenot o f i d e n t i m l
p rocesso rs (F igure 2.1, sandwiohed between 8 s p e c i a l input
p r o c e s s o r and a s p e c i a l ou tput procressor. The i n p u t processor
a c c e p t s an image f r o m any d e v i c e t h a t encodes two - d imens iona l
images. It serves as a buf fe r between the r e s t of the processors
and t h e ou ts ide world. Each successive processing at rgc reoe ives
image d a t a i n an i d e n t i c a l format, operates on it,and passes it
on t o t h e n e x t s t a g e f o r f u r t he r processing. Th is aequence i s
r e p e a t e d e v e r y t e l e v i s i o n f i e l d - t i m e . When an i m a g e emerges a t
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t h e f a r end of t h e sequenoe, it i s proacssed by the s p e o i a l
o u t p u t s t a g e and presented t o a h08t devioe, 8Uoh as a r o b o t
v i s i o n system o r a s e r i a l oomputer.

 he processo rs be tween t h e input and output stages a r e a l l
i d e n t i c a l and in te rohangeab le , but ean erah per form d i f f e r e n t
opera t ions on t h e irnsge sequenoes t h a t they eaaounter. Usually,
each p rocesso r r e c e i v e s t h r e e inpu t images rnd t r r a s a i t s t h r e e
output Images. The input images a r r i v e from the proceasing atage
i m m e d i a t e l y b e h i n d t a c h stage, f r om t h e p roeess iag s t a g e
immed ia te l y ahead, and from 8 resul t O f the preoeding opera'tion
p e r f o r m e d by t h e prooessor i t s e l f . S i m i l r r l y , t h e r8su l t8 of
processing I t s current image are t r8nsPi t ted by Qaah crtrge t o the
n e x t p rocess ing s tage i n the ~equonee, t o the immedia te ly -
p r e c e d i n g process ing stage, and r e o u r 8 i v e l y brek i n t o t h e
p rocesso r i t s e l f . These t h r e e outputs 8 r e n o t n e c ~ s s a r i l y
I d e n t i c a l , and each may,furnlsh p a r t or 8ll of' the input8 t o the
o t h e r processors f o r the subsequent s tep i n prooersing. The
t h r e e inputs may be weighted and aombined i n 88oh proeossor, i n
any fashion, b e f o r e they a r e proaassed. I n r d d i t i o n t o tbese
i n p u t and output paths, f o u r @ w i l d o r r d ' prths 8 r e prov ided f o r
both input and output. These p8ths are aomon t o a l l stages, 80

t h a t on ly one stage can w r i t e t o a p r r t i o u l a r wi ldoard prth a t a
t i m e . The w i l d c a r d paths a l l o w images t o be 80ved rrbitrrrily
b e t w e e n stages, i n s t e a d o f hav ing t o s tep through f rom atage t o
stage. There a r e no r e s t r i c t i o n s on the number o f de8 t i n l t iOa8
f o r an Image output t o a wildoard'path.

T h e r e a r e numerous reasons f o r requ i r i ng the t h r e e inpu t and
o u t p u t p a t h s from each processor. It i s c l e a r t h a t t h e f o r w a r d
p a t h a l l o w s a c h a i n o f o p e r a t i o n s t o b e performed, g i v i n g r i s e i n
r e a l t i m e t o a t r a n s f o r m e d image (with a constant delay) .
S i m i l a r l y , t h e r e c u r s i v e p a t h a l l o w s a p i p e l i n e of r r b i t r o r y

l e n g t h t o be s i m u l a t e d by each stage, and a180 f a c i l i t a t e s t h e
use o f a l g o r i t h m s t h a t per form many i t e r a t i o n s before oonverging
t o a d e s i r e d r e s u l t (e.g., r e l a x a t i o n a l g o r i t h m s , o r t h e



8 imUl8 t iOn O f l a r g e ne ighbo rhood o p ~ 8 t O r 8by 8uoOess ive
8ppliO8tiOn8 o f Sm8ller neighborhood operators), The path t o t h e
preoedina prooes ro r a l l o w s operat ions t o be p e r f o r ~ o d using
tempora l as w e l l as r p r t i a l neighborhoods, It 8180 J l l O W S

i n f o r m a t i o n I n s e r t e d a t t h e ou tpu t s t a g e by t h o 4 a o s t t o
p a r t i u i p a t e i n t h e prooessing d i r e o t l y , This, t o r example,
a l l o w s e x p e c t a t i o n s o r image model8 t o be used t o guide t h e
processing a t a l l leve ls , on a pixel - by- pixel basis.

Although the re w e phys laa l l y only three pathways between stages
(excluding t h e ~ w i l d o a r d ~busses), every p i x e l neiehborhood I n an
image I s processed and sent over these paths I n every f i e l d time.
The r e s u l t i s t h a t P IPE s imu la tes a f u l l y p a r a l l e l d a t a f l o w
maohine; each p i x e l appears t o have 8 real - t ine, p r i v a t e l i n e t o
an homologous p i x e l proaessor I n ta rge t stages.

The o r g a n i z a t i o n o f the Image - prooessiag r o o t i o n o f PIPE,
excluding the input and output prooes80r8, i s 8hown i n Figure 2,
P I P E i s oomposed of 8 v a r i a b l e nunber o f i d e n t i a a l , modular,
image-prouessing stages, Every atage aontalns two f i e l d buffers,
eaah of' which ho lds a prooessed v e r s i o n o f the image f r o m a
s i n g l e f i e l d o f data, During eaoh f i e l d t ime, eaoh s tage
opera tes ononemember of a s e t o f o o n s e a u t i v e i m a g e f i e l d s . Tho
s tages o o n t a i n f a s t special - purpose l o g i o th8t prooesses t h e
oontents o f the buffers and a r r r i e s out inter - stage in te r ro t i ons
i n a s i n g l e f i e l d - t i m e (16.67 mseo). Eaob a t a g e has a n
assoc ia ted stage - control un i t t h a t can redef ine the process t o be

per fo rmed by t h e s tage and ahange i t s pa rame te rs dur ing t h e

i n t e r - f i e l d I n t e r v a l . The stages are aonnected by th ree d i s t i n c t
da ta paths, whioh a re shown i n Figure 2.

PIPE' S main prooessinq t o o l i s a neighborhood operator, This may
o o m p r i s c e i t h e r an a r i t h m e t i o o o n v o l u t l o n o p e r a t o r o r a s e t o f
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a r b i t r a r y Boolean Operators. A d d i t i o n a l o p e r a t i o n s a r e a l s o
p o s s i b l e ; t h e y w e d i s o u s r e d I n m o r e d e t a i l be low. The
neighborhood opera t ions ( e i t h e r a r i t h m c t f o o r Boolean) a r e
performed on a neighborhood o f erah p i x e l i n a stag.' Duf f8r . Two
such operations may be performed independently i n a ring16 f i e l d -
t i m e , on t h e neighborhood of every p i x e l I n theaf i r id . The
output of these operators 0111 be seat t o any o f t h e paths out o f
the stage.

The image r e s u l t i n g from apply ing one o f these neighborhood
Operators i s o r r r i e d f o r w r r d i n t o the 8ubsequent r t r g e (perhep8
a f t e r undergolng o the r r s s o c i r t 8 d tr8D8fOrm8tion8). Si.ilrr

system forms an imrge p ipe l ine i n t o whioh new l r r g e s are roaeptrd
a t f i e l d ra te . Th is image - f low proaesslng f o l l o w s t h e p r t b
i n d i c a t e d i n F i g u r e 2 88, # p i x e l - b p - p i x e l f o r w r r d
transformation " . A t .very prooe8sing stage, d i f fe ren t proorsserr
may be r p p l i e d t o t h e Image. Xnter ra t ions betw8en ataaes,
d e t a i l e d below, e x t e n d t h e p r o o e s s i a g t o t h e # t m p o r r l
neighborhood " o f the pixel , parni t t i a g time-domhin oper8tioas on
t h e scene. These are useful, f o r example, i n t h e r n r l y r l r o f
motion.

process ing Oac\U?I i n a l l bt8gcbS 8imUlt8neOU8ly, 80 t h a t t ho

A second " backward a d a t a f low prth i s supported by eroh 8t8gd.

T h i s path, I n d i c a t e d i n Figure 2 as, ~ p t x e l - b y - p i x e lr 8 t r o g r r d e
t r a n s f o r m a t i o n feedback f low m, br ings the output o f one o f the
neighborhood opera to rs o f each s t r g e baok t o oombine with t h e
image cur ren t ly entering the preceding stage. The sourae o f the
data f o r t h i s second, a r e t r ~ g r r d e upathway may be the same 8s f o r
t h e f o r w a r d t r a n s f o r m a t i o n , o r mry be the seoond neighborhood
operator appl ied t o each p i x e l neighborhood a t the same t lme t h a t
t h e f o r w a r d t r a n s f o r m a t i o n o p e r a t o r i s appl ied. Thus, t h e
r e t r o g r a d e t r a n s f o r m a t i o n may be independent of t h e f o r w a r d
t r a n s f o r m a t i o n , o r be i d e n t i c a l w i th it. The r e r u l t s o f t h e

r e t r o g r a d e o p e r a t i o n f r o m one s t a g e a r e c a r r i e d I n t o t h e
p r e c e d i n g stage, pe rm i t t i n g i n t e r a c t i o n f o r w a r d I n t i m e (i.e.,
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i n t e r a c t i o n wi th subsequent iD8gb)S; n o t i o o t h a t t h e f o r w a r d
d i r e c t i o n w i th r e s p e c t t o t h e p i p e l i n e stages oorresponds t o
images t h a t a r r i v e d e a r l i e r i n time.) This permits feedbaok loops

t o be formed I n the image flow proce8sing.

Neighborhood o p e r a t o r s can be Used f o r a wide v r r l e t y a i image

.
processing tasks (e.g., averaging and noi8e reduotion operations,
edge, l i n e , and po in t l a b e l i n g operators, r8gion growing, region
shrinking, and f ind ing (non-) minima rnd (Don-) m8xImr). Som8 o f
t h e s e f u n c t i o n s p e r m i t o r r e q u i r a r e p e t i t i v e r o e u r r i r 8
operations. That is, they require thrt th8 in868 r8rrultiag from
one a p p l i c a t i o n o f t h e o p e r r t o r be t h e input f o r a rubr8queot
a p p l i c a t i o n o f the same operator, This iapl i88 t h a t the 8trge'r
f i e l d b u f f e r must be a b l e t o be l08d.d from t h e output of i t s oun
f o r w a r d o r baakward transformation operators, The 8 l t8 rna t i ve
would be t o accompl ish reou rs i ve opera t ion8 by orsoading the
image through mul t ip le identlcral operations i n mquent ia l ategad,
which c o u l d r e q u i r e an a r b i t r a r y number o f stages, I n ?i#ur8 2
the recurs ive path provided by PIPE i s labeled, apixel - by- pirr l
within - stage recursion m, It i s shown here orfgiaat ing fro8 the
f o r w a r d pathway, but it may o p t i o n a l l y a r i s e f r o 8 th8 baokwrrd
pathway.

The d a t a a c t u a l l y s t o red I n eaoh stage a r e g e n w r t e d by l o @ l o
t h a t ope ra tes on, and per fo rms var ious eombiaetion8 of, t he
i n p u t s f rom a l l t h r e e incoming p8thWay8, Feedbaok ValUO8 8nd
recurs ion values nay be combined with the rrroending i m g e ra&w
i n any proport ion, summed o r d i f ferencad withIt (with o r without
c o n s t a n t o f f se t s ) , o r oombined by any Boolean oporr t ion, A
schemat ic represen ta t ion o f the relat ionships between the fo rward
and r e t r o g r a d e t r a n s f o r m a t i o n o p e r a t o r s and t h e s p a t i a l
neighborhood o f a single p i x e l i s shown i n Figure 3. I n th i s and
o t h e r f i g u r e s , t h e r e c u r s i v e pathway I s shown o r i g i n a t i a g f r o m
the f o r w a r d t ransform unless otherwise speci f ied, but o r i g in f rom

t h e r e t r o g r a d e t rans fo rm i s an opt ion i n a l l uases.



I f tho proooding and 8Uoooading f i o l d r r r o oonr idwod t o oont r ln
futuro and pa r t inr t rnoor of r f io ld, r o r p o o t i v o l y (a8 i r true i n
r dynrmio imrqd, thon f o r w r r d t r rn r f o rmr t i on oor ro rpondr t o a
path f r o m tho futura, roourr ion t oIpath f rom tho praront, rnd
retrograde transforart ion t o one from tho past. Tho woight8d rum
of t h e t h r e e paths may be be s e t up 111r aonvolu t ion o p a r k o n on
t h e t e m p o r a l neighborhood of a p i x o l . This mry Oeaur a t t h o bane
t i m e as the oonvolu t ion opera t ion i s being per formed on i t a
oontemporary s p a t i r l neighborhood (Le., e ight s p r t l a l mighborr
and two t e m p o r a l neighbors.) Combined usea o f t h e r e t r o g r a d e
p a t h w a y t o i m p l e m e n t b o t h feedbaek l o o p s and t e m p o r a l
c o n v o l u t i o n s can a l s o be anvi8ioned; t h e i r u t i l i t y i s a m a t t e r
f o r explorat ion.

Figure 4 shows some d e t a i l s of the inter - 8taga aombining l o g i o t o
c l a r i f y t he i n t e r a o t l o a of the pathways I n the temporal domain.
The outputs of the f o r w a r d neighborhood oper r to rs (OPF) and t h e
re t rograde operators (OPB) r r o rhown f o r stages Y, 1+1, andI+?,

’ toge the r wi th t h e aombiniag l o g l o l i nk ing them, A t r v o r y PIPE
8tage, d a t a f rom any of these pathways may be rub joo t8d t o r
oomparison operat ion (0.g. threrholding) t o transform rrithQdti0
d 8 t a t o Boolean data. Th8 a r b i t r a r y Boolorn and/or a r i t h a o t i o
funot ions shown i n t h i s f l g u r o ropresent a v e r s a t i l e r e t o f
possible operations (inoluding ~ r l t h m o t i o - t o ~ B o o l e ~ noonversion)
t h a t may be a p p l i e d t o eaoh d a t a st ream p r i o r t o eombinat ion by
t a b l e lookup.

It i s he lp fu l i n understanding the fUaotiOn8 O f the88 prOoe88illg
pathways t o consider eaoh I n 180lat iOn f i rst . Ifonly the forward
t r a n s f o r m a t i o n path i s o p e r a t i v e (i.e., the w e i g h t s f o r t h e
r e t r o g r a d e and recu rs i on o p e r a t o r s a r e s e t t o zero), we h a v e a
s imp le image p i p e l i n e processor w h i c h oan s e q u e n t i a l l y a p p l y a
v a r i e t y of neighborhood operators t o the ser ies o f images f l o w i n g
th rough i t . It o a n p e r f o r m e i t h e r a r i t h m e t i o o r B o o l e a n
n e i g h b o r h o o d o p e r a t i o n s and, by t h r e s h o l d i n g , e o n v e r t an
a r i t h m e t i c image i n t o a Boolean image. For example, It might be
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usad t o smooth an r r i t h m o t i o g r r y s o a l e image, a p p l y edgo
doteo t ion o p e r r t o r r t o it, throrhold tho rodgino8ra vr luo t o form
a b i n a r y odge i m r & e and thon a p p l y 800108n no ighbo rhood
operations t o f i nd forturos i n tho Odge8. Tho oporat ion typos rnd
p r r a m e t r l o valuQs f o r the88 operations would bo r e t i nd i v i dua l l y
f o r each s tage by'ths stage o o n t r o l unit8, whioh i n turn would be
i n s t r u a t e d ( f o r oxrmp le from t h o host ) v i r the input markod
astage -by-stage prooeasing aontro l@ i n Flguro 2.

A second s ing le - p r th ursc r e s u l t 8 If both the f o r w a r d r a d
r e t r o g r a d e paths' oomblning funotions a r e zero. Assume t h r t
Images had previously been loaded i n t o the prouesslng rtages. The
recursion path would then aause the imago f i e l d i n 8ruh 8tcrge t o
pass through t h e f o r w r r d o r brokwrrd t r a n 8 f o r r r t l o n ope ra t i on
r e a u r s i v e l y , wh i l e t h e Images wmrrahed i n plaoe W. A v a r i e t y of
r e l a x a t i o n operrt ions arn be implemented i n thi8 way.

For t h e f in81 sing10 path orso, oonr idor what hrppear uhoo tho '

l e r v i n g only tho r8trOgrrde prtbW8y rot ivo. Yhea tho r o t o f ruob

a prooess ing oh8in th8t i s a r o t r o g r r d o oountorprr t o f t ho
f o r w a r d p ipe l i ne . It would, i n f a o t be pO88iblO t o r 8 l O O t

appropr ia te re t rogr rde transformations, inser t f i e l d s of dat r 8%

t h e back o f t h e devloe, prooess them through t o the f ront , r a d
g e t t h e same r e s u l t 18 running t h e 8ystem i n t h e o o r m r l
d l reot ion. The purpose o f t h i s I 8 not t o provbde 8 b i d i r e o t i o a r l
i m g e prooessor, ,but t o permi t input (rt tho #output r end o f the
d c v i o e ) o f s y n t h e s i z e d lmrges. Suoh images l n f l u o n o e t h e
processing o f the normal ly f lowing images by d i r e a t i n ta rao t i on ,
and correspond t o rexpeotano lcs a , #models ", #hypotheses R, o r

WOight8 r88ighOd t o tho fo rwr rd r a d r O O U r 8 i V O path8 l r o 8 O r 0 ,

paths i s oonsidorod i n i8018tiOn, it booomor 010W t h a t i t iOr.8

t t ent1on func tion s.a

The r e t r o g r a d e images a r c n o t on l y a b l e t o a f f e c t procresslng o f
t h e f o r w a r d Images, bu t a r e a f f e o t e d themselves by i n t e r a c t i o n
w i t h them. (The e f f c o t s t h a t t h e t w o image sequences e x e r t on



each otvrer may be d i f f e r a n t because the celghborhood operators on
t h e f o r w a r d and backward pa ths a r e independent). Re t rog rade
images ~$11~ s u s r l l ybe pJcncrated by knowledge -based prooesses i n
h i g h e r l e v e l coazlponents o f t h e hos t system. They may i n i t i a l l y
appear i n Boo lean form, but, as shown i n Figure 5, p r o v l s l o n i o
made f o r a l l four poss ib le oombinationa of ar i thmet io 'end booleaa
i n p u t s and ou tpu ts i n t h e combining log10 between stages. ?hi8

p e r m i t s a descending Boo lean image t o be i n 8 t a n t l a t c d I n t o
a r i t h m e t i c image v a l u e s by I n t e r a t I t i O t I wi th t h e 880endilrg
a r i t h m e t i c Inage. Th is occurs i n t h e 8ame r t r g e i n whieh t h e
ascend ing a r i t h m e t i c Image rep resen t r t i on I s threrho lded t o
become 8 Boo lean larage. B o t h t h e ascending data image and the
descending *hypothes is w Image o m p8s8 aoro88 t h l a i n te r f r oe , A
m a j o r f u n o t i o n o f P I P E will be t o exp lo re t h e e f f e ~ t i r e n e r 8 o l
var ious approaches t o hypothesis -guided ioon lo image prooerrcring.

Boo lean i n f o r m a t i o n oan be prooe8sed i n an i n t e r e s t i n g wry by
combining the outputs o f the forward oper8tor from Ut+
s t a g e and t h e r e c u r s i v e input f rom t h e ourrent stage. coacl$d@r
t h e case o f a s i n g l e s tage t r e a t e d i n t h i s fa8h lon f o r eSght
f ie ld - t imes, using "SHIFT then OR" as the oomblning oper r t t
t h e incoming images from the previous stage h8ve Boolean
r e s u l t i n g f rom successive independent operations and t1ompafi80m8,
such a s t a g e will accumula te Images f r o m t h e e i g h t preoed iag
B o o l e a n o p e r a t i o n s i n t o an i m a g e oomposed o f e i g h t - b i t Boo le rn
v e c t o r s . Subsequent Boo lean neighborhood opera t ions may apply
independent operators t o each b i t plane of a neighborhood o f auah
vectors .

P I P E i s n o t a s imp le p a r a l l e l Image p ipe l ine , Eaoh stage I n the
p i p e l i n e o f images contains i t s own, in ternal , p i p e l i n e whioh i s
used t o p e r f o r m t h e neighborhood operat ions. Tha t Is , t h e
o p e r a t i o n s a r e n o t a p p l i e d t o e v e r y p i x e l neighborhood o f each
s tage simul taneously, but a re performed sequent ia l ly , r a s t e r scan
f a s h i o n , o v e r She s t a g e w i t h i n one f i e l d t ime. Of oourse, t h e

s t a g e s a l l o p e r a t e i n p a r a i l e l , so t h a t t h e who le p i p e l i n e o f
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images i s processed i n 8 single f i e l d time. The sequential nature
of t h e w i th in - s tage prooessing, toge the r wi th t h e e x i s t e n e t o f
t h e r e c u r s i v e d a t a prth, crould pose problems i n performing the
neighborhood oosputations. If each nei&hborhood operatloa were t o
be oomputed using va lues taken d i r e c t l y f r o m t h e image; then
those p o i a t s above rnd t o t h e l e f t of t h e o e a t r a l p i x e l f a t h e
neighborhood would r l r e r d y have been PrOoessed, 8nd perhaps
a l t e r e d , by p r e v i o u 8 p i p e l i n e d opera t ions , To a v o i d ruob
problems, the p i x e l n8ighborhoods being proaessed i n 88oh f i e l d
a r e r e a d / w r i t e s h i f t e d 80 t h a t the inoooing p i x e l 8 from the
pipel ine, whioh r r e ~O!ttlnuoUsly updating 8 f i e l d belonglag t oI
l a t e r image epoob 9 do no t rppe r r I n t h e neighborhoods of p i x e l 8
be ing prooessed i n th8 ourrent dmrge 8pooh. Between - f ie ld
read /wr l t e rddress dif f8reaoes aimulrte t ime delryb t o oomp8asete
f o r t h i s staggering 8rd thus Insure thrt hOaOlOgOU8 p ixe ls frsr
each f i e l d a r e r8oe lved by the oonbinlng logio. The manner I n
which t h i s a tagger ing I 8 r818ted t o the l n t e r r o t i o a a of t h e

the s i m u l a t e d delays w e i l l u s t r a t e d i n t h e f i g u r e r a a o t u r l
de lay l i n e s f o r o l r r i t y , although there r r e no 8ueh p h y 8 i o r l
delay elements i n the mrohine.

var ious pathways 18 8hOWn i n Figure 6. The r8qUir8d prr8.8t8rr O f

P I P E has a v a r l c t y o f f e a t u r e s r n d o p a r a t i n g m s d e s i n r d d i ~ i o n t o

the r b i l i t y t o fill one f i e l d buffer with the dif ferenoe between
t h e oonten ts o f e i t h e r b u f f e r and t h e InoonPng l ~ r g e , f a t W 8

fashion, it oan force PIP& t o prooess only those port ion8 o f thm
image which ohange from f i e l d t o f i e l d .

the neighborhood operations discussed above. I t s input st8ge ha8

Another op t ion a l l ows Pipe t o accept de f in i t i ons o f .regions o f
i n t @ r e s t ui n an image, rnd t o oause any stage t o a p p l y oomp le te
a l t e r n a t i v e o p e r a t i o n s e t s w i t h i n each o f i t s r e g i o n s o f
i n t e r e s t . Regions o f i n t e r e s t f o r *an image b u f f e r a re 8 p e c i f i e d
v i a a b i t map r e s i d e n t i n t h e o t h e r Image b u f f e r o f 8 stage. I n
t h i s f ash ion P I P E can a o t as an HIMD machine, i n t h a t d i f f e r e n t
operat ions can be performed over d i f f e r e n t por t ions o f t h e data
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s t ream on a p i x e l - b y - p i x e l b a s i ~This f e a t u r e may be used t o
generate g loba l l y aon- linear image prooessing operations, as f o r
example i n preserving edges whi le smoothing non-edge port ions of
an image, Up t o 256 a l t e r n a t i v e operat ion sets are specif iable i n
p r i n c i p l e by the bit -mapping procedure. The a e t u a l number
a v a i l a b l e will depend on t h e amount of memory at t ruhed t o eaeh
stage. I n t h e protoype deviae, s i x teen will be ava i lab le , t h e
n a t u r e o f t h e 8Va i l 8b l e a l t e r n a t i v e ope ra t i on sets, l i k e a l l
o ther apeats o f stage operations, may be ohrnged between fields.

A fur ther .ode o f opera t ion a l l o w s ~ u l t i - r e 8 o l u t i o nimage
process ing, For example, P IPE 88n use I t s f o r w a r d i ~ r g e
p r o c e s s i n g p a t h t o reduce an image I n t o s u o o o r s l r e h a l f -
reso lu t i on reprerentat~oas, 8nd i t s retrograde p8th t o ooastruet
suacesslve double - re8olutioa representations, thus I r p l m e a t i ~8
dorm o f multi - resolution pyramid, Proae8sing withirp any l e v e l o f
such a pyramid aaa be 8Uoompli8hed through use o f the recursive
pathway, w h i l e interactions between l e v e l s o f the p y r m l d are
accomplished through the forward and rUtrOgr8d6 image paths. f e
i n t e r l e v e l i n t e r a e t i o n a , the ~ e p p l n go f pix018 I n t o highor o r
lower resolut ion images oueura. automat ieal ly , R u l t i - r 8 s o l t ~ t i o a
image processing using PIP& i s diSoU88ed further below, Aao
usefu l f e a t u r e of PIPE i s t h e prov ia fon o f fou r ' w l l d a r ~ d ~
busses, which a l low images t o be transferred from a 8trgr t o ray
o r a l l o the r stages i n a s i n g l e f i e l d t i r e , These bu8srr 8 1 1 0 ~

quick access to, and dissemination of, intermediato result& J
a l s o make it p o s s i b l t t o aoaneat t he stages I n t o a r i ng - l i ke
st ructure, o r t o b r i n g syn the t i c images from t h e host t o 8br

stage.

A s p e c i a l inpu t s tage i s used t o cap tu re images f r o m i n p u t
dev ices . This a l l o w s P I P E t o accep t d i g i t a l o r ana log s i g n a l s



f r om any d e v i o e using standard 85-170 t e l e v i s i o n s i g n a l s and
t iming. Analog s i g n a l s a re d i g i t i z e d by an 8 igh t - b i t r e a l - t i m e
d i g i t i z e r . The input serge i s oapablc of r equ i r i ng 8 d i g i t i z e d
image o f 256 x 240 p i xe l s w h i l e remaining synohronired'wlth BS-
170 signals. A l te rna t ive ly , it can capture 2 5 . 6 ' ~256 pire; Smages
from non-RS-170 s i g n a h w h i l e In te rna l l y employing noa-rtrndard
p i x e l r a tes , It oan o o n t l n u a l l y o rp tu re auoh l n r g e s it 8trndr rd
t e l e v i s i o n f i e l d ra tes , 8nd p l r a o t h e m i n e i t h e r o f t h e t w o f i 8 l d
bu f fe rs contained l a the input stage,, While stor ing 811 lnrge in to
one o f these b u f f e r s t h e inpu t stage 0811 a l so simul taneously
s t o r e an image, 8uoh 8s a d i f f e r a a o e impge, formed by r n ALU
o p e r a t i o n between t h e inooaing t ~ r g e8nd 8 prev ious ly orptured
image, i n t o 8ith.r bU f f8h The ooatents o f 8ith.r o f the buffer8
i n t h e input s t r g e o r a be sent t o t h e f i r a t o f t h e prOo088i08

stages, wh i l e the nex t l a rge i s beiog 8oqUired.

P I P E a a a e p t s e i g h t - b i t i n p u t d a t r , r a d t h i s p r e c i s i o n l r
ma in ta ined throughout the machiae. I a t e r m e d i r t e 8 r i t h R O t i o
opera t i ons with in subsequent atages a r e a a r r l e d t o a u f f i o $ r a t
p r e c i s i o n t o insure no 1088 of raaur rey when t h e r 8 8 U l t i 8

rounded t o e igh t b i t 8 f o r trrnsmlssion t o rubrequent atrge8. The
d a t a may be t r e a t e d 8s 8 i t h e r unsigned e igh t - b i t auaber8, O f 88

s igned numbers with t h e high b i t i n d i a r t i a g t h e 8ign. Unsi#n8d
i n p u t d a t a may be prooessed -8s suoh, u n t i l 8x1 o p e r r t i o n whiah
gene ra tes n e g a t i v e va lues oocurs, and t r e a t e d as signed 68 t8
t h e r e a f t e r .

The f i r s t p r o o e s s l n g a t a g e i s one of 8 a e r i e r o f 6 o d u l r r
i n te rmed i ta t@ proaessing stages (HPS). The HPSs a r e t h e n s t r g e s w

described i n the preceding sections, and are the elements which
p e r f o r m m o s t o f PIPE' S proaessing. All HPSs a r e o f i d e n t i a o l
modular construct ion, and are p h y s i a r l l y interohrng8rble r imp ly

by s w i t c h i n g c a r d edge plugs rnd c i r c u i t borrds, Thus, r n y lfps
can o p e r a t e a t any p o s i t i o n i n t h e p rocess ing ohain, and t h e



process ing cha in can have a v a r i a b l e length. E i g h t HPSs a r e
planned for the preaent development phase o f PIPE.

The Nth )IPS aooepts t h r e e e i g h t - b i t 256 x 256 p i x e l images as
input, These come from the forward output o f the M-lst HPS, from
the recurs ive output o f the operation performed on the prerloprs
oonten ts of t h e Mth HPS, and from t h e r e t r o g r r d 8 output of t h e
N + l s t HPS. Eaoh da ta st ream may 0018i8t, Independent ly of the
o t h e r two, of a r i t h m e t i a o r Boolean (e igh t - b i t Boolean r e a t o r )
data, but a given data st ream ente r fng a HPS must be e n t i r e l y
Boolean o r r r i t h m e t l o within any single Image f ie ld .

Be fo re genera t ing 8 f in81 e igh t - b i t Image from the th ree data
streams, 8aah HPS performs comparison, Boolean, and/or arl%hmette
opera t ions on eroh them independently and s i m u l t r n e o ~ r l y ~
accord ing t o the t y p e o f d 8 t a present. If an Input r t t m 8 m
oonta ins 8 r i t h m e t i a d8t8, e i t h e r eonparisoa or r r i t h r e t i o
o p e r a t i o n s a r e p o s s i b l e by t 8 b l e lookup. Th8 o 0 8 p ~ S 8 0 4
(conversion) operatdon may thus be 8 mul t ip le window ao~pariaoa,
which oonverts an ar l thmet ia p l r e l t o 8 BOOle8a reator, with tbo
b i t s o f t h e Boolean veo to r independently speo i f i ab le . Tho
a r i t h m e t i c o p e r a t i o n oan aons l s t o f any funat ion o f 8 single
argument. If an input st ream oonte lns Boolean data, the Boolean
o p e r a t i o n can p e r f o r m funat ions 8Uah as a o - 7 plrlrr
shift, and apply AND (#AND) o OR (MOR), aad HXOB operrtioas; t o tB0

resu l t (See Figure 7).

1.;

The r e s u l t i n g t h r e e BOOle8n 8nd/Or a r i t h m e t i a d8t8 stream8 8Fe

then oombined through Independently -programm8ble f u l l - funotion
ALUs i n t o a s i n g l e a r i t h m e t i o o r Boolean d a t a stream. Th is d o t 8
s t ream (o r when enabled, a D l lA d a t a s t r e a m p r o v i d e d by an
e x t e r n a l d e v i c e ) i s then used t o l o a d e i t h e r o f t h e t w o
se lec tab le f i e l d buf fers within t h e )IPS. A l t e rna t i ve l y , e i t h e r o r
b o t h b u f f e r s can be f i l l e d using t h e w i l d c a r d busses. The
c o n t e n t s o f both o f these f i e l d b u f f e r s a r e then a v a i l a b l e t o
subsequent operat ions of t he )IPS. E x t e r n a l device access t o these
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buf fer8 i s a l s o a v a i l a b l e ; an e x t e r n a l dcv ioe may r e a d from o r
w r i t e i n t o e i t h e r b u f f e r i n 8 rrndom r o o e s s manner a t 400,000
pixels/sea., with ruto- indexed rddresr ing supported on aomm8nd.
The w i l d o r r d bur888 provide s t r o r m i n ~roO068 t o eXtOrn81 dov ioer
(inoluding monitors) rt p i x e l rates.

The hardware t h a t implenents those HPS funotions sub8equent t o
t h e f i e l d buf fe r s to rage s tep i s p h y r i a r l l y aon t r i ned on r
sepa ra te o i r a u i t aard t o 8 l l O w it t o be rep l ro8d wi th o t h e r
s p e c i a l func t iona l modules, should t h i s be desi rable. Th i8
c i r o u i t r y i s represented by t h e area l r b e l e d . rea t ion 2' i n
F igure 7. I n operr t ion , an o lgh t - b i t imrge $8 firrt r e l e o t e d by
reading the oontents of one of the two f i e l d buffer8 i n tho MPS.

va lued mapping furrotion, and t h e p i x e l s o f t h e r e s u l t i n g l m r g e
are subjaoted t o two neighborhood operrtorr, o f uhioh there r r e
t w o kinds. The f i r s t t y p e of neighborhood o p e r r t o r i 8 r n
8 r i t h m e t i o eonvolut ion operation, whi le the rooond i s r Boolecn l

operation. For e i t h e r operator, the neighborhood o f operation i s
( a t p r e s e n t ) 3 x 3 p i x e l s squrre, r n d t h e o p e r r t i o n I S

aooompl ished i n 200 nseo. P i x e l neighborhoods r r e generated by
passing the data r t r eam through 8 3- line buffer.

The image I 8 trrnsformed by 81 8rbitrQry, prOgt8Pmbl8, single -

I n t h e a r i t h m e t i o aase, the convolution operation uses 8 r b l t r a r Y
p o s i t i v e o r n e g a t i v e e i g h t - b i t neighborhood weights , r a d
ma in ta i ns t w e l v e - b i t r oou raoy i n i t s l n t e r a e d i r t e resu l ts . The
f i n a l e igh t - b i t a r i t h m e t i a resu l t entering the busses i s produoed
by non - biased rounding, from 8 20 - bi t sum. Th is Insures t h a t 00

l o s s o f p r e c i s i o n ooaurs wi th in a stage due t o a r i t h a e t i a
underflow o r overf low. The f u l l e i g h t b i t preois ion o f the input
i s thus maintained between 8trges throughout the mrohine. I n the
Boo lean oabe, t h o neighborhood ope ra t i on a o n s i r t r o f 8 r b i t r 8 F y
B o o l e a n o p e r a t i o n s (8 rum - of- produots AND-OR r r r r y e q u i v a l e n t )

the se t o f a l l oorreopondlng p ixe ls o f an r r b i t r r r i l y speoi f ied
compar i son neighborhood. Any b i t o f e i t h e r neighborhood may be

b e t w e e n t h e s e t O f a l l t h o p i x818 o f t h e d 8 t 8 neighborhood, 8nd
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i ndependent ly de f i ned 8s true, f r l s e (oomplementrd), o r "don't

inputs, sub3bot t o independent neighborhood operatlon8, A 8 8

r e s u l t , e i g h t independent one - bi t r e s u l t s r r e obtal')&! from 8

s ing le pras o f t h e d a t a through t h e p ipe l ine, , j i o l d i n g an
orthogonal e ight - b i t Boolean veotor a8 output.

oare n, $80h O f t h e 8 i g h t b i b p l a n e s forms r n independent s e t O f

. '
*

Two ne ighbo rhood o p e r a t o r s (MOP1 and NOP2) a r e r p p l i e d
independently and rinultrneously. They operate on the 8rme d r t a

T h e i r o u t p u t s mry be independen t l y s u b j e o t e d t o 8 88oond
transforar t ion by 8 i t he r of two prOgr8mm8bh funotions. The firrt
o f these i s a lookup - trble mapping funotion. This trrnsformation
may be r funct ion o f t w o argumsats. If t w o rrguments r r e umd,
one i s taken from the homologous p i x e l o f the f i e l d buf fer whloh
i s n o t t h e souroe o f t h e i m r g e be ing rubgeo ted t o t h e
neighborhood operators. The number o f b i t s used f rom t h e t w o
arguments must t o t 8 1 t w e l v e . For 8X I I IP10 , t h e s i x m o r t
s ign i f l aan t b i t s o f erah. If only one argument i s ubed, a l l e ight

gdonl t orrow. The o the r funot ioa i s r n ALU with two r i g h t - b i t
i npu ts o p e r r t i n g on the same 80uroe8. The d r t r 8 t r a8m rririrrg
from e i t h e r o f these operations 8pplied t o one o f llOP1 o r loop2 (I
r e s u l t denoted by OPl r a d OP2, r e r p e e t i v r l y ) i s s e l e o t e d t o
beoome t h e f o r w r r d output (OPF) o f t h e HPS, and t h e d r t a s t re rm
a r i s i n g from t h e o p e r a t i o n r p p l i e d t o e i t h e r t h e 8800 o r t h e
o t h e r o f HOPI and NOP2 beoomes the baokwrrd output (OPB) o f t h e
HPS l

8t r88S, Using neighborhood Op8rrt iOn8 WhiOh O r 3 be d i f fe ren t .

b i t s a r e r v r i l a b l e , t he r e a r i a i n g b i t 8 being i a t e r p r 8 t e d 88

A " region of  interest^ operator a l low8 eaoh UPS t o switch between
t h e normal (OPF, OPB) ope ra t i on ' s e t and a l t e r n e t i v e (OPF', OPB')
ope ra t i on sets on a p i x e l - b y - p i x e l basis. I n t h i s mode, the o the r
image buf fe r o f t he 8 t rge oontains 8 mrp o f the op8rrtions t o be
p e r f o r m e d on homologous p i x e l s o f t h e image b u f f e r undergoing
o p e r a t i o n s . P o t e n t i a l l y , up t o 256 d i f f e r e n t a l t e r n a t i v e
o p e r a t i o n s e t s oou ld be s p e c i f i e d by t h e e i g h t b i t c o n t e n t s o f



each p i x e l i n t h e nap. I n p rae t i oe , t h e number o f a l t e r n a t i v e
operat ion sets 8 e l e o t r b l t during a f i e l d proaessing t ime will be
l i m i t e d by t h e rmount o f memory a v a i l a b l e wi th in t h e utage t o
s t o r e them, wh ioh may be cn l r rged rt will,The operat ion s e t s
stored i n the r v r i l a b l e memory may be changed a r b i t r r r l l y , between
f ie lds . Th is a l l o w s e a r l i e r Image operat ions, 8uah ad edge
detection, t o guide l a t e r processing.

P IPE a l l o w s t h e eonst ruet ion o f nu l t l reso lu t ion ,  pyramid^,
sequenoes o f images, Pyramids have been found urseful i n a l a r g e
number o f image -prooessing appl ioat fons. They h r v e an added
u t i l i t y i n e r t r i o t l y l o s a l proearsor l i k e PIPE beoruse they
a l l o w in fo rma t ion from s p a t i r l l y d i s t a n t regions t o be made
looa l , The bas io operat ion8 a v a i l a b l e i n PIPE f o r aoost ruot ing
Image pyramids are aampllng and p i x e l doubling. Sampling i s used
t o reduae the reso lu t i on o f an Imrge, w h i l e doubl ing i s used t o
i n e r e a s e t h e s i z e o f an image. A fur ther o p t l o a a l l ows sampling
t o ooaur i n 8tagg8r8d p i x e l s i n a l t e r n a t e rows, t o generate
8anples with uniform (8qurre soot o f two) neighbor dirtanoes.

Both t h e sampling and doubling operr t ions are performed by

stage rt whiah the operrt ions are performed r r e d i f f e r e n t beorurs
o f t im ing oonsiderat ions. Sampling i s aohicved by inerement ing
t h e sourae Image 8ddre88es t w i o e as f a s t as t h e des t i na t i on
addresses,. T h a t I s , on eaah row, t h e f i r s t p i x e l i n t h e 80uroe
image i s w r i t t e n t o t h e f i r s t p i x e l I n the d e s t i n a t i o n inage. The
second source p i x e l i s a l so w r i t t e n t o t h e f i r s t d e s t i n r t i o n
p i x e l , o v e r w r i t i n g t h e prev ious value. The address o f t he
d e s t i n a t i o n p i x e l i s then lncremented, and t h e procedure i s
repeated. The same process i s used t o o v e r w r i t e eve ry o t h e r row
i n t h e d e s t i n a t i o n Image. The r e s u l t i s t h a t t h e d e s t i n a t i o n
image i s one q u a r t e r t h e s i z e o f t h e source image, r a d oacupies
t h e upper l e f t quadran t o f t h e image b u f f e r . Eaeh p i x e l i n t h e

d e s t i n a t i o n image i s w r i t t e n o u t f ou r t imes, t o r e r u l t i n t h e

reduced - size Image. This i s not was te fu l because the source image

manipulat ing address l i n e s within 8 8t8ge. The pl8CeS I n t h e



i s be ing read a t f i e l d r a t e s and t h e new image i s e r e a t a d i n a
single f i e l d time.

Doubling i s aoooopli8hed by the Inverse o f the rampling prooass.
That is , the addresses i n the 8ourae image r r e now inor8m8nt8d a t
h a l f the r a t e o f those I n the der t iaa t ion Image, For omh row i n
t h e source (reduoed - resolut ion) image, t w o i d e n t l o a l rows r r e
output i n t h e en larged image. For eaoh p i x e l i n 8mh row o f t h e
input image, two i d e n t i o a l pit818 W 8 stor8d i n th8 Output &m8#8*

T h i 8 resu l t 8 i n an UnlargQd imago t h a t ha8 four tf.88 l 8

p ixe ls a8 the input image.

The simple o p e r r t i o n r o f image sampling rnd p ix81 doubl ing 8?8

no t o f themselv88 very useful 8xo8pt t o r I narrow rang8 o f
app l foa t ions . Combined with t h e other op8r r t l oa r f a ?IPE,
however, a much broader alas8 of operations beaomas gorslble. The

means t h a t a number o f operations 8an be performed on the row88
image p r i o r t o constructing the reduo8d - r8solution version. O f
these, perhaps t h e most usefu l i s the n8ighborhood op8rrtor.
whiah aan be Used, f o r 8xrmple, t o smooth th8 Iarg8 b8for8
sampling. By I t e r a t i n g t h e neighborhood o p 8 r r t i o a p r i o r 60
sampling, the e f f e o t s o f neighborhoods la rger than thrw by thrre
can be obtained, a l lowing, fo r example, th8 oon8t ruet lon o f
aGausslan w pyramids using the hierarohio81 d i 8 ~ 8 t 8a o r r ~ l a t i o a
prooedure o f B u r t (1980).

.. ..

sampling prooass OOaUrS ab the image 8at8r8 8 8t8(8. buff8r. Thfs

I n t h e i n v e r s e s i t ua t i on , when th8 imrgo ir magaif iod, tho

o p e r a t i o n s can be performed on the doubled image be fo re it 18

s to red i n t o another stage buffer, I n t h i s 8ituation, however, t h e
t h r e e by t h r e e neighborhood I s a o t a s v a l u a b l e 8 s l n t h e 8anp l iBg
Case. Th is i 8 beoruse t h e u f i u l d o f v I 8 u ~of t h e opera tor doe8
n o t enoompass a11 the neighbors o f a p i x e l ( the p ixe ls have been

h a s t two i t e r a t i o n s o f a neighborhood operat ion must be appl ied

doubl ing oauurs 8s t h e l a a # 8 l r 8 V r 8 a 86888 b U f f 8 r o On08 11818,

enlarged t o two-by-two blooks). TO lnalude a l l the a8iehbOt'S, a t



t o the image. This means t h a t expanding a pyramid may take tw tce
0s long as oompre8slng it,(Uhen t h e t h r e e by t h r e e o p e r a t o r i s
replaaed with a la rge r one, th is asymmetry willbe owroome).

An important issue i n dealing with images o f varying a l m s .Is how
t o overaome edge e f f e c t s t h a t a r i s e when t h e aelghborhood
operator I s applled. This Issue I s dea l t with I n t h e some manner
for a l l sizes o f images. It I s the programmer’s r ~ 8 p O n S i b i l i t y t o
ensure t h a t each 8taae knows the 8128 of t h e images i n eaoh of
i t s buffers, I n p r l no ip le , It would be posalb le t o make a l l
b o r d e r p i x e l 8 belong t o 0 r e g i o n o f i n t e r e s t . S p e c i a l
neighborhood operator8 oould then be app l ied the re t o overoome
t h e edge ef feots . P IPE ’p rov ldes 88 a d e f a u l t 80lUt iOn the
r e p l i o a t i o a o f border p i x e l & If l neighborhood has a rou o rI6

oolumn t h a t l i e s outs ide t h e boundarias o f the image ( e i t h e r
beyond the image bu f fe r I t s e l f o r beyond the e x t e a t of a l o u -
r e s o l u t i o n image), t h e non- existent p i x e l s a re rep laeed by the
p i x e l s i n t h e border row o r oolumn. For a t h r e e by t h r a o
neighborhood, th i s I 8 equivalent both t o rebleot iag
t o repeating the border pirels, This i 8 aohieved i n the a888 wry
a8 t h e va ry i ng r e s o l u t i o n Image8 are OOn8trUoted, Ice,, by
manipulating the address l i n e s o f the buffer.

The output stage f u l f i l l s 8 r o l e 8% the end O f t he prooessiB,g
oha la s i m i l a r t o t h a t o f t h e Input s t r g e a t I t 8 beginning. The
f i n a l HPS d e l i v e r s i t s f o r w r r d Image output (OPF) t o e i t h e r one
o f a p a i r o f f i e l d b u f f e r s I n t h e o u t p u t s tage , and aan
s imul taneous ly read from t h e o the r b u f f e r o f t h e output stage.
The d a t a r e a d from t h e output s tage i s used as t h e inpu t t o t h e
ret rograde (feedback) path o f the f i n a l HPS. Without in ter rupt ing
t h e image - prooessing, e i t h e r b u f f e r o f t h e output atage oan be
r e a d f r o m o r w r i t t e n I n t o by an e x t e r n a l device, whioh I s b o t h
t h e consumer o f the processed forward data - f low and the suppl ier
o f data f o r the ret rograde path.



Onoo t h o p i p e l i n r aodules havo boon r o t up, tho i n d i v i d u a l
oporations t o bo oar r iod out oust be Oh08011, and tho bo8t dovioe
must load 88ah a t rge with appropriate instruotions f o r prooossing

loaded by t h e hos t dovioe. I n t o r f r o o s batween tho o o n t r o l uni t8

o o n t r o l un l t o m oomple te ly reoonf fguro the oporat ions r a d

crurrent or stored instruotlons from the hor t dorioe. Changes are
made I n the i n t e r v a l botwoon la rge f ields.

SUOOeSSiVe f l e l d s . E8oh st8ge h88 8 stage o O n t r 0 l l O r th8t I 8

and hos t dev i008 8 f 8 1 6 - b i t input rnd Output p o r t & B8oh 8t8gO-

Operat ing p r r r P P O t O r 8 O f i t s a 8 8 O O i 8 t O d 8tagO 00 t h o bas i s O f

The stage o o n t r o l un i t s s t o r e rnd s e l e o t mu l t i p l e r l t e r n a t i v e
conf igurr t ions f o r their rrtrges. The sequenolng ordors o f these
oonf lgurr t ions are provided by tho host devioe. Progrrmmlng PIPE
thus oonsists o f speoify lag t o the eontro l units tho oporat ioar
and o p e r r t l o n sequonoes t o be performed by eaoh rtago, r a d
lo rd ing tho aorrospondiag operators, prramotors, and t8bl88 I n t o

o o n t r o l units t o soloot 8 stago progrrm, lnstruot it t o branoh i n
the r p e c i f l e d soquonoe o f oporrtions, o r pormi t it t o fo l low tho
pre - set stquenae o f oporations (whioh r a y oontr ln brrnoh points
on r e p e t i t i o n oounts.) For program development, the oontoats o f
any b u f f e r rnd t h e output o f any opera tor i n the system aan be
d i s p l r y e d on 8 v ideo ron l t o r , with o r without f r e e z i n g t h e
o o n t e n t s o f t h e bu f fo r , r n d t h e who le p rooosso r e r n be
singlestepped.

the 8t8gOS. I n OperrtiOn, the host d ~ v l o om8y i D 8 t r U Q t tho 8t8gO

During t h e design phase o f PIPE, smal l programs were wr i t t en f o r
t h e machine t o eva luate t h e u t i l i t y o f i t s arohiteoture. Some o f
these are descr ibed i n Kent g&a, 1984. U l t i m a t e l y PIPE will be



programmed by u t i l i t y programs currently under development. A
group a t Cooper Union under t h e d i r e a t i o n o f George Chaiken i s
working on emulators rad on 8sS81~blersf o r set t ing up opepations
of t h e t h e proaessing stages, w h i l e John Roaoh o f V i r g i n i a
Polytechnic Ins t i t u te has been developing a Prologue -based rystem
which will a u t o m a t i o a l l y generate t h e sequenaes of s tage
operations requi red t o aarry out image processing tasks defined
i n a h i g h - l e v e l language. This system has a l ready 8uauessful ly
der ived programs o f the l e v e l o f oOlrpleXity o f Sobel ‘operators.

PIPE i s designed as a front -end proaessor f o r low - leve l ioonio -
t o - l o o n l c image proaesslag. It I s i n t e n d e d t o p e r f o r m
transformations on images t o ex t ree t features r i m i l a r t o tho88 i a
t h e p r i m a l r k e t e h o f Harr(1976). These fea tu res make i a t e n s i t y
ahanges and l o a a l geometrie re la t ions e z p l i a i t An images, whl lo
ma in ta in ing t h e a p a t i a l represeatot ion. I n this, PIPE d i f f e r 8
f rom many processors designed f o r image-prooessing. These other
processors are usually designed t o perform both l o o a l rad global
image -proaessing tasks, o f ten i n an i n t e r a c t i v e environment.

PUHPS (Briggs nf; & 1982) 1s an example o f a multi -user system
i n which var ious task processing units are a l loaa ted from a pool.
Each prooessor i s s p e c i a l i z e d f o r a p a r t i e u l a r purpose, and
images a r e t rans formed by passing them through a requeaa8 o f
d i f f e r e n t prooessors. PIPE, on t h e o ther hand, aon r i s t8 o f Q

sequence o f i d e n t i o a l stages, each o f whioh bas t h e pow8r t o
perform severa l d i f f e r e n t operations on images. The p r o g r a m e r
has t h e r e s p o n s i b i l i t y of ZI a i f y i n g t h e task of each s tage t o
ensure t h a t the desired goal attained. PIPE i s also dedicated
t o a single user, although p l ines are eas i l y eonstructed from
a s e t of i d e n t i c a l components, a l l o w i n g each user t o have a
s p e c i a l l y t a i l o r e d PIPE system. I n fac t , a se t o f PIPE processors
could be added t o the pool of a v a i l a b l e prouessors i n PUHPS, and



used as a resouroe i n tho samo way as the other prooes80rs.

S e v e r a l o tho r sybtemr havo aomponenta t h a t porform somo o f t h o
funotions o f PIPS, Urua l ly , howovor, they o p o r r t o on a r i n g l e
image a t a time. For inrtanoo, the PICAPI1dystem (Antoqsbon,
al, 1982) ha8 a f i l t o r prooossor, FIP, t h a t porformis rome o f the

are speoia l ized f o r operrtioncr ruoh as image regmentation. FL IP
(Luetjen &6 1980) i s simi lar t o PIPb: i n t h a t it ha8 8 numbor

p a r a l l e l on #Ubimrg08 o f tho ram8 image instoad o f on ruooossive
versions o f oompleto h 8 g 0 8 ~F L I P also allow8 greator f l e x i b i l i t y
i n the oonneotions botwoen i t 8 pr00088Or8~I n PIPE, prooor rors
are normally oonnooted only t o t h a i r iaaodi r te prode.ooroorr rad
suoaessors, although the w i l d o r r d busrer a l l ow 8 8 l O O t i V O but
l i m i t e d oonneotions betweon 8 rb i t r a r y stages. FLIP, on the othor
hand, provides oonneotions betweea a l l prooessors, allowing tho
processors t o be arranged t o r u i t eaoh par t iou la r tark.

OperatiOnS O f 8 stage i n PIPE. It ala0 has other pPOOe88Or8 tha t

O f i d e n t l o a l PrOOeS8OrS, but it U8Ulrlly Use8 the80 prOoOS808's i n

I -

Other s p e c i a l prooessors t o r image prooosring ina ludo th8

mass ive l y para1101 prooerror , XPP (Pot ter , 19831, and ZWQB
(Kushner II,.19821, whioh i s l mor0 g 8 n o r r l prrrllr&
prooessor but ha8 been 8tudi.d o x t o n r i v o l y with rogard t o i t s
r b i l i t i o s t o p o r f o r m imago p r o o o r r i a g t a r k r . NPP h a 8 16%
prooesb~rs, and i s a t ruo para1101 prooor8or, ~rpor iorroow&th tho
prooessor i s l i m i t o d , but a mr3or d i f t i o u l t y r p p o r r r t o bo tha
problem o f t r a n r f o r r i n g tho data t o 08Oh ind i v i dua l proa80@of t
and g e t t i n g t h e r e s u l t s out of t h o maohine. I P P door mot hr ro .8
t r u e neighborhood oporr tor , al though 88oh prO80880r aaa bo
oonnccted t o four o f i t s neighbors and use t h e p i x e l values there
t o oompute i t s resul t . It i s not o l o r r t h a t HPP ha8 any advantage
ove r p ipe l ined systems, beorure image8 aro urually obtr ined from
an i m a g i n g system o r r t o r r g o medium i n a r t r o a l r , r a d r e n t t o
suoocssive prooessors i n tho r a m fashion.

ZHOB oonslsts o f 256 prooossorr oonnootod by a ring-*aped high
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speed oommunioatioas system, The oomounioations l i n k opera tes
fas t enough t o make eaoh prooessor appear t o be ooaneoted t o a l l
o the rs . Each p rooesso r i s a genera l - purpose e i g h t b i t

microcomputer, wi th 64K bytes of memory, Thus, many d i f f e r e n t
oomputat ions oan be performed a t t h e bame t ime, e i t h e r on the
same or di f ferent data* For image-prooessing applioatisns, imuges
a r e usual ly broken i n t o parts, each o f whioh i s 8ent t o a
d i f f e ren t prooessor. Hany opetations requ i re in te r ro t ions between
the parts, especia l ly when neighborhood operations are performed.
T h i s g i v e s r i s e t o t h e need f o r oommunioat ions be tween
proaessors. Given t h a t the oomauaioat ioas l i n k i s muoh f a s t e r
than t h e prooesdors' oyo le time, t h e r e i s ve ry l i t t l e overhead
Invo l ved . B u t upgrad ing t h e p r o a e s s o r r m i g h t oause d r t a
transmissions t o bceome signifloant, Uh i le PIPE i 8 o lear l y less
powerful tban ZHOB, It i s be t te r suited t o I t s r o l e o f low- level
image prooessing.

A reocat survey by Reeves (1984) divides iaage-prooes8ing trsks
i n t o t w o alasses. LOW l e v e l.. image prooes i iag usual ly mod i f i es
p a r t s o f Images, but maintains t h e image army. Higher l e v e l
proocssing, however, works on .oymbolio repreaenta t lona o f t h e
contents o f Images. Low l e v e l proeessbng has usually given r i s e
t o a roh i t ec tu res based on s ing le ins t ruo t ion stream, mu l t ip le
d a t a stream (SIHD) st tuotures. The higher l e v e l futrotisas are
U s u a l l y a a r r f e d ou t using prooessoro bar8d on m u l t i p l e
ins t ruot lon stream, mul t ip le data stream (HIND) qtruoturer, the
design o f PIPE a l l o w s it t o r o t as a SIHD pipe l ine, o r a* 8

( res t r i a ted ) HIHD pipel ine* The MIHD mode i s entered whenever the
region - of- Interest operators arc used. The l i m l t a t i o a s OD these
o p e r a t o r s a r e t h a t t h e r e a r e a t most 256 d i f f e r e n t opera tors
a v a i l a b l e per stage, and t h a t using t h e reg ion o f i n t e r e s t
g e n e r a l l y prec ludes using some o t h e r operators , such as t h e
f u n c t i o n s o f two arguments. Using t h e r e t r o g r a d e pathway t o
I n s e r t e x p e c t a t i o n s i n t o the image ana l ys i s process a l s o b l u r a
the d i s t i n c t i o n between high l e v e l 8nd low l e v e l processes.

i
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A prooessor t h a t ha8 many fea tu re8 i n oomrnon with PIPE i s t h e
o y t o o o m p u t e r (Sternberg, 1979). Thi8 maoh ine p o r f o r m s
neighborhood and table - lookup operrtlonr, but l rokr aort o f the
o the r f e a t u r e s o f PIPE. It does mot h8v8 t h e r e t r o g r a d e o r

oannot perform multi - rerolution image prooerring, #e i the r oan it
oombine more than one image i n an operation, Evea without there
featured, however, t h e aytoooaputer hrr rhown i t r e l f t o be
extremely useful f o r low l e v e l image prooerring.

r 8 O U r 8 l V 8 d a t a prth8, ha8 no reg ion - of - in te ra r t Operrt,Orr, and

W h i l e s e v e r a l t h e o r e t i o r l designs have bean proposed f o r
h i e r a r o h i e a l (pyramid) proaessors (a.g., Dyer, 1981, Uhr if;&
19811, t h e r e $8 apparen t l y on ly one t h a t ha8 r o t u a l l y been
constructed (laairnoto, 1984). This 18 a SIMD maohine oOn8i8tang
o f a p y r a m i d a l a r r a y of prooessing elements oonn8oted t o 8

general - purpose oomputer. Eaoh prooessing element oonneotrr t o
t h i r t e e n o the r elements, uomprislng i t 8 e i g h t aei&hbors a t t h e
same p y r a m i d l e r e 1 , l t r four oh l ld ran a t the l e v e l below, and i t 8

p a r e n t ’ r t t h e l e y 9 1 above. Ioi&hborhood operat lonr @an be

oporrtionrr and image input rad output, Taairoto prerontr 8 numbor
o f a l go r i t hms t h a t t a k e rdvrnta#lr o f tho p y r r a i d r t ruo tu ro t o
perform oommon image prooesrias operrtionr, Tho pyrnr ld p ro~e rao r
has an advantage over PIPE I n the e x p l l o i t l ink8 t o i t 8 8hlldrOn.
To a c h i e v e t h e same r e a u l t with P I P E r e q u i r e s ooap lex
manipulations using the region -of- interest operator and II bit - orp
of four va luea (one f o r e rah o h i l d ) I n t h e a l t e r a r t e buf fer .
P IPE , however , oan be r e o o a f i g u r r d t o produoe o v e r l a p p e d
pyramids, using l a r g e r neighborhoods, and i s a o t r e s t r i o t e d t o
pyramid-besed o p e r r t i ons.

p8 r fo rmed on th i8 8.t Of 018lllOllk8, 88 W O l l . r 8 pOiatWi8cl

Th is paper has de8oribed a new lmrgr pfe=prooeasor, oonsisting of
a sequenoe o f i d a n t l o r l atages, 08oh o f whiah o m p e r f o r m a
number o f po in t and neighborhood oporation8, An important f e a t u r e



.
o f t h e proa888or i 8 t h e provimion O f forward, r80urs ive, rnd
baokwrrd p8ths $0 8 l l O W iPllg8 drt8 t 0 pWtiOip8t8 i n t O l r p O r 8 l 88

system by t h e host, r a d t o p r r t i o i p r t e i n the p roe8 t l i i r g .In t h e
same way as lmrges roquired from the ibpUt devioe. Th6 reglon -of-
i n t e r e s t o p e r r t o r i s a180 8 powerful, end unique, f e a t u r e of
PIPE, a l l o w i n g t h e r e 8 u l t 8 o f f ~ r t u r e - 8 x t r r o t i o nproaesses t o
guide fur ther image 8nrly8i8. PIPE 8180 prOVid88 8 mul t i -
re8OlUtiOa a8prbi l i ty , 8n8bling glob81 O V 8 n t 8 t o be Bad8 loo r l .
This 18 i n p o r t a a t i n 8 88ohlne th8t ha8 Only loa81 Op0rrtor8.
Muah r888arahn88d8 tObedoa8tOOXplOr8th8 OQprb i l i t i 88 O f t h 8

d w i o e but e r r l y experiment8 i a d i a r t e tha t th8 8y8teM Willh8W 8

w i d e range o f r p p l i a r t l o n s i n l o w - l e v e l r e a l - t i m e image
prooe8slng.
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